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INTRODUCTION
Before molecular systematics became commonplace, there 
were	 approximately	 60	 described	 species	 of	Phytophthora 
(Cooke	et	al.	2000,	Erwin	&	Ribeiro	1996).	Clade	6	was	repre-
sented by three species: P. gonapodyides, P. megasperma and 
P. humicola, described in 1927,	1931	and	1985,	respectively	
(Buisman	1927,	Drechsler	1931,	Ko	&	Ann	1985).	Post	2000,	
108 new species have been described of which 20 reside in 
Clade	6,	which	is	now	divided	into	three	sub-clades.	Clade	6b	
is the largest clade with 18 described species and numerous 
designated	but	undescribed	taxa.	Clade	6c	is	represented	by	a	







gens, there are generally contributing factors such as extensive 
flooding	associated	with	 the	disease	 reports.	The	exception	
within this sub-clade is P. pinifolia, a serious foliar pathogen 
of Pinus radiata	in	Chile	(Durán	et	al.	2010).	All	species	from	
Clade	6a	have	been	reported	as	associated	with	woody	plants,	
and while species such as P. inundata and P. gemini are com-








and the new isolates were compared based on morphology and 
DNA	sequence	data	from	three	nuclear	genes	and	two	mito-
chondrial	genes	resulting	in	the	description	of	five	new	species,	




Isolates obtained from soil and root samples collected beneath 
dying Phytophthora-susceptible species in native ecosystems, 
parks	and	reserves	were	provided	by	 the	Vegetation	Health	
Service	at	the	Western	Australian	Department	of	Biodiversity,	









DNA isolation, amplification and sequencing
The	Phytophthora isolates were grown on half-strength potato 
dextrose	agar	PDA	(19	g	PDA	Becton,	Dickinson	and	Company,	
Sparks,	MD	21152,	USA,	7.5	g	of	agar	and	1	L	of	distilled	water)	
at 20 °C for 2 wk in the dark, and the mycelium was harvested 
by scraping from the agar surface with a sterile blade and placed 
in	a	1.5	mL	sterile	Eppendorf®	tube.	The	mycelia	were	frozen 
New species from Phytophthora Clade 6a: 













Abstract			During	 routine	 vegetation	 health	 surveys	 in	 the	 southwest	 of	Western	Australia	 (SWWA),	 several	
Phytophthora	isolates	with	affinity	to	Clade	6a	have	been	recovered.	In	this	study,	all	known	taxa	from	Clade	6a,	 
P. inundata, P. humicola, P. gemini, P.	‘walnut’	and	P.	‘personii’,	and	the	new	isolates	were	compared	based	on	mor-
phology	and	DNA	sequence	data	from	three	nuclear	genes	and	two	mitochondrial	genes	resulting	in	the	description	
of	five	new	species,	P. balyanboodja, P. condilina, P. cooljarloo, P. kwongonina and P. pseudorosacearum. With the 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































All	 gene	 regions	were	 sequenced	 in	 both	 directions	with	
primers	used	in	amplification.	PCR	and	sequencing	products	




























carrot	agar	(CA)	(0.1 L	filtered	carrot	juice,	17 g	agar	and	0.9 L	
distilled	water)	and	half-strength	PDA	(all	from	BBL,	Becton,	
Dickinson	&	Co,	Sparks	MD	21152,	USA).	Circular	inoculum	




For temperature-growth relationships, representative isolates 
(Table	1)	were	sub-cultured	onto	V8A	plates	and	incubated	for	
24 h at 20 °C to	stimulate	onset	of	growth.	Then	three	replicate	
plates	per	isolate	were	transferred	to	5,	10,	15,	20,	25,	30,	32.5,	
35	and	37.5	°C.	Radial	growth	rate	was	measured	4–7	d	after	
the onset of linear growth, along two lines crossing the middle 
of the inoculum plug at right angles, and the mean growth rates 
(mm	per	day)	were	assessed.	Plates	with	no	colony	growth	
were	returned	to	20	°C	for	7	d	to	check	the	isolate	viability.











made by suspending 10 g of rhizosphere	soil	from	beneath	a	
Quercus	sp.	in	100	mL	distilled	water	and	incubated	for	12	h	
at	 20	°C.	The	 supernatant	 from	 the	 soil	 extract	was	 added	
directly	 to	 the	Petri	 dishes.	After	 18–24	h,	 dimensions	 and	
characteristic	features	of	50	mature	sporangia	of	each	isolate,	
selected at random, were ascertained at 400×	magnification	






which did not produce oogonia in single culture were paired 
on	V8A	with	isolates	of	the	same	species	and	with	A1	and	A2	








at random were measured at ×400.	The	oospore	wall	index	was	













drial	gene	regions	(Table	2).	Phytophthora balyanboodja and 
P. gemini were the most different to each other and to all other 
taxa	in	the	clade	(Table	2).	There	are	two	groups	of	closely	re-
lated	species	(>	98	%	similarity):	i)	P. condilina, P. humicola and 
P. inundata;	and	ii)	P. cooljarloo, P. kwongonina, P. rosacearum 
and P. pseudorosacearum.
Support	 for	 terminal	clades	and	their	clustering	was	equiva-
lent in both analyses and the Bayesian analysis is presented 
here	(Fig.	1–2).	All	species	reside	in	highly	supported	terminal	




first	group	which	also	contains	P. cooljarloo, P. kwongonina, 
P. rosacearum and P. pseudorosacearum. Phytophthora gemini 
is basal to the second group which contains P. condilina, P. humi- 
cola, P. inundata, P. balyanboodja and P.	‘personii’.	Phytoph-
thora rosacearum itself falls into two sub-groups, one containing 
the	isolates	from	the	USA	and	one	isolate	from	Australia	(P. rosa- 
cearum	 I),	 the	 other	 containing	 the	 remaining	 isolates	 from	
Australia	(P. rosacearum	II).
Colony morphology, growth rates and 
cardinal temperatures
For	clarity,	 the	data	 for	 the	growth	 rates	on	V8A	have	been	
divided	between	two	graphs	(Fig.	3)	corresponding	to	the	two	
clusters	observed	in	the	phylogenetic	trees	(Fig.	1–2).	All	spe-
cies	 from	Clade	6a	have	 fast	growth	 rates	and	can	 tolerate	
high	temperatures.	The	minimum	temperature	for	growth	was	
4	°C,	and	the	lethal	temperature	is	higher	than	37.5	°C	for	all	
species.	Phytophthora balyanboodja had the highest optimum 
of	32.5	°C,	P. ‘walnut’,	P. pseudorosacearum and P. gemini had 
optimum	of	30	°C	and	all	other	species	had	optimum	between	
25	and	30	°C.
Table 2   Percent nucleotide identity between pairs of Phytophthora species 
from	Clade	6a.	The	upper	triangle	is	for	the	concatenated	nuclear	sequence	
data	and	the	lower	triangle	is	for	the	concatenated	mitochondrial	data.
Fig. 1   Bayesian inference tree based on concatenated	sequence	data	from	nuclear	genes	regions,	ITS,	TUB	and	HSP,	generated	in	MrBayes	using	the	
GTR	+	G	substitution	model	showing	relationship	between	all	Clade	6a.	The	posterior	probability	is	shown	at	the	nodes.	Phytophthora lacustris and P. ther-
mophila were	used	as	outgroup	taxa.
5T.I.	Burgess	et	al.:	New	species	of	Phytophthora
Fig. 2   Bayesian inference tree based on concatenated	sequence	data	from	mitochondrial	gene	regions,	COX	and	NADH,	generated	in	MrBayes	using	the	
GTR	+	G	substitution	model	showing	relationship	between	all	Clade	6a.	The	posterior	probability	is	shown	at	the	nodes.	Phytophthora lacustris and P. ther-
mophila were	used	as	outgroup	taxa.
Fig. 3			Average	radial	growth	rate	(mm/d	±	SE)	of	all	Clade	6a	species	on	V8	agar	across	the	temperature	range	from	5–37.5	°C.
























Fig. 4   Colony morphology of Phytophthora kwongonina, P. cooljarloo, P. pseudorosacearum, P. rosacearum I, P. rosacearum II and P. ‘walnut’ (from	top	to	
bottom)	after	5	d	growth	at	20	°C	on	carrot	agar,	V8	agar,	malt	extract	agar	and	potato-dextrose	agar	(from	left	to	right).
7T.I.	Burgess	et	al.:	New	species	of	Phytophthora






Phytophthora rosacearum has a rosacaceous growth pattern, 
P. cooljarloo is petaloid, P. kwongonina and P. pseudorosacearum 
have a faint petaloid pattern, P.	 ‘walnut’	 grows	more	 slowly	
with	an	irregular	pattern	(Fig.	4),	P. balyanboodja, P.	‘personii’	
and P. gemini have	no	growth	pattern.	Phytophthora condilina, 
P. humicola and P. inundata have identical petaloid patterns 
(Fig.	5).
TAXONOMY










— Sporangia of P. balyanboodja were not observed on solid 
agar	but	were	produced	abundantly	in	non-sterile	soil	extract.	
Sporangia were typically borne terminally on unbranched spo-
rangiophores.	Sporangia	were	persistent	 and	non-papillate,	
although	on	 first	 observation	 20	%	of	 sporangia	 had	apical	
protrusions	 (c,	e–f),	which	 later	 led	 to	direct	germination	 (h).	









	 Oogonia,	oospores	and	antheridia — Gametangia	were	not	
produced in single culture or when paired with tester strains and 
this	species	is	considered	to	be	sterile	in	culture.	
 Colony morphology, growth rates and cardinal temperatures 
—	Colonies	on	all	media	are	woolly	with	no	pattern	(Fig.	5).	The	




 Additional material examined.	AustrAliA, Western Australia, Alfred Cove, 
from	rhizosphere	soil	of	mixed	native	vegetation,	isolated	by	the	VHS,	2015, 
VHS23675-R3.
Phytophthora condilina T.I.	Burgess,	sp. nov.	—	MycoBank	
MB822010;	Fig.	7
 Etymology.	From	the	Noongar	(local	Aboriginal)	name	for	Casuarina, a 
known	host	of	this	species.
 Typus. AustrAliA,	Western	Australia,	Alfred	Cove,	from	rhizosphere	soil	









Sporangia, chlamydospores and hyphal swellings (Fig.	7a–j)	—	









gial dimensions of six isolates of P. condilina	averaged	48.0	± 
7.4	×	36.3	±	6.2	µm	(overall	range	29.8–69.3	×	20.1–51.4	µm).	

























eccentric with a large ooplast, turning golden-brown on maturity 
(k–r),	ranging	in	size	from	23.5–42.5	µm	diam	(av.	=	35.6	± 
3.8).	The	oospores	were	 relatively	 thick-walled	 (3.31	±	0.72	
µm),	with	a	mean	oospore	wall	index	of	0.46	±	0.07.	On	average	
80	%	of	the	oogonia	aborted	after	oospore	formation	(r).	The	
antheridia	were	predominantly	 paragynous	 (m–o),	 terminal,	











 Additional materials examined. AustrAliA, Western Australia, Alfred Cove, 
from	 rhizosphere	 soil	 of	 dying	Casuarina obesa, isolated by VHS, 2011, 
VHS25241,	MUCC806,	MUCC807;	Esperance,	from	stream	baiting	within	
native vegetation, 2008, D. Hüberli,	MUCC768	and	MUCC769;	Ravensthorpe	
from	rhizosphere	of	mixed	native	vegetation,	VHS,	2008,	VHS19278.










































 Additional material examined.	AustrAliA, Western Australia, Cooljarloo, 
from	rhizosphere	soil	of	mixed	native	vegetation,	R. Hart,	1996,	HSA2313.
Phytophthora kwongonina T.I.	Burgess,	sp. nov. — Myco-
	 Bank	MB822012;	Fig.	9
 Etymology.	Refers	 to	 association	with	 the	 kwongon	 vegetation	 in	 the	
southwest	of	Western	Australia.
 Typus. AustrAliA,	Western	Australia,	Bunbury,	from	rhizosphere	soil	of	

































nous, terminal, round- to club-shaped and situated adjacent to 
the	oogonial	stalk	averaging	16.2	±	3.5	×	11.8	±	2.2	µm.	This	
species	is	considered	to	be	homothallic.




growth	were	 around	4,	 35	 and	>	37.5	°C,	 respectively.	The	
average	radial	growth	rate	on	V8A	at	the	optimum	temperature	
of	25	°C	was	6.8	±	0.32	mm/d	(Fig.	3a).
 Additional materials examined.	AustrAliA, Western Australia, Cervantes, 
from	rhizosphere	soil	of	dying	Banksia prionotes, T.C. Hill,	1986,	TCH009;	
Fitzgerald	River	National	Park,	from	rhizosphere	soil	of	dying Xanthorrhoea 
platyphylla, isolated by the VHS,	1993,	DDS3599.
12 Persoonia	–	Volume	41,	2018










—	Sporangia	of	P. pseudorosacearum were not observed on 
solid agar but were produced abundantly in non-sterile soil ex-
tract.	Sporangia	were	typically	borne	terminally	on	unbranched	
sporangiophores.	Sporangia	were	persistent	and	non-papillate.	
































were exclusively paragynous, terminal, round- to club-shaped 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 Additional materials examined.	AustrAliA, Western Australia, Cooljarloo, 
from	water	baiting	in	native	vegetation,	1998,	R. Hart, HSA2350;	Albany,	from	
rhizosphere	soil	of	dying Xanthorrhoea platyphylla, 2010, VHS,	VHS24266.
Comparison of Clade 6a species
Phytophthora condilina, P. balyanboodja, P. pseudorosacearum, 
P. kwongonina and P. cooljarloo can easily be separated from 
each	other	and	other	related	species	in	Clade	6a	by	differences	
in	their	ITS,	BT, HSP, COX	and	NADH	sequences	(Table	2),	
and by a combination of morphological and physiological char-
acters	(Table	3–4).	In	all	gene	trees,	the	species	fall	into	two	
strongly	supported	groups.	The	first	group	contains	P. pseudo- 
rosacearum as a sister species to P. rosacearum sharing a com-
mon ancestor with P. cooljarloo, P. kwongonina and P.	‘walnut’	 
(Fig.	1–2).	The	second	group	contains	P. condilina as a sister 
species to P. inundata and P. humicola sharing a common 
ancestor with P. balyanboodja, P. ‘personii’	and	P. gemini	(Fig.	
1–2). All species have high temperature optima and most grow 
at	37.5	°C	(Fig.	3,	Table	3–4).
Species in the P. rosacearum group share many morphological 
features	(Table	3).	Phytophthora kwongonina and P. cooljarloo 
have	larger	oospores	with	thicker	walls	than	the	other	species.	
Within P. rosacearum	 itself,	morphological	 features	 of	USA	
and Australian isolates overlapped completely, and the only 
observed difference was the lack of hyphal swellings for the 
Australian	isolates.	In	both	the	nuclear	and	mitochondrial	gene	
phylogenies the isolates were clustered separately, however 
the support for this was not strong enough to consider a new 
species description, and the differences are thought to reflect 
intraspecific	variation.	Phytophthora pseudorosacearum can be 
separated from its sister species, P. rosacearum, by its larger 
sporangia, the presence of chlamydospores and aplerotic 
oospores	which	were	golden	brown	on	maturity.	Phytophthora 
cooljarloo and P. kwongonina are also sister species and their 
features overlap, the only difference is the abundance of hy-
phal swellings found in cultures of P. kwongonina, the thicker 
oospore walls of P. kwongonina, and the much larger antheridia 
of P. cooljarloo.	Phytophthora	 ‘walnut’	 differs	 from	 the	other	
species	in	this	cluster	in	that	it	appears	to	be	sterile.
Species in the P. inundata group also share many morphologi-
cal	features	(Table	4).	Phytophthora balyanboodja, P. gemini 
and P.	 ‘personii’	are	all	considered	to	be	sterile	species,	but	
can be separated based on the presence of chlamydospores 
in P. ‘personii’,	and	the	absence	of	both	chlamydospores	and	
hyphal swellings in P. balyanboodja. Phytophthora inundata, 
P. humicola and P. condilina are sister taxa and share many 








species are morphologically similar, with predominantly ovoid 
sporangia	and	nested	and	extended	 internal	 proliferation.	 If	
oospores are present, they tend to be aplerotic with paragynous 
antheridia	mostly	attached	adjacent	to	the	oogonial	stalk.	They	
can	all	grow	at	35	°C	and	have	a	fast	growth	rate	on	most	agar	
media.	With	 the	exception	of	P. gemini and P. humicola, all 
these species have been recovered from natural ecosystems 













by smaller genetic distances representing more recent diver-
gence.	 In	 particular,	 the	 cluster	 containing	P. rosacearum, 
P. pseudorosacearum, P. cooljarloo and P. kwongonina and 
that with P. humicola, P. inundata and P. condilina.	There	 is	
even some evidence for additional cryptic species within the 
P. rosacearum	complex,	but	more	isolates	are	required	to	elu-
cidate	this.	We	also	have	evidence	for	cryptic	speciation	within	





(Jung	et	al.	2011),	and	perhaps	 the	 reuniting	of	 related,	but	
formerly geographically isolated species through global trade 
(Burgess	2015).	To	date,	the	same	cannot	be	said	of	Clade	6a	
species.	While	most	 of	 the	nuclear	 gene	 regions	 contained	
some polymorphic positions in some species, these were not 
consistent across isolates or loci and were considered to re-
present	intraspecific	variation.
Historical	 global	movement	 of	Phytophthora species during 
European	settlement	associated	with	the	establishment	of	agri-




sphere	distribution.	For	example,	P. thermophila and P. amnicola 
are	common	in	streams	in	the	SH,	while	P. gonapodyides and 




have	patchy	distribution.	Phytophthora humicola is restricted to 
Taiwan, and P. gemini has only been recovered from estuaries in 
the	Netherlands.	Phytophthora rosacearum was	first	recovered	
from orchards in California, but is common in native ecosystems 
in	SWWA.	Phytophthora inundata has a global distribution and 
is	of	unknown	origin.	The	remaining	species	in	Clade	6a	have,	
to our knowledge, only been recovered from predominantly dry 
kwongon	heathlands	in	SWWA.
Of	 the	 28	 formerly	 described	 species	 in	Clade	 6,	 13	 have	
been described based on recoveries from natural vegetation 
in	SWWA,	and	only	seven	(P. riparia, P. gonapodyides, P. bo-
realis, P. mississippiae, P. pinifolia, P. gemini and P. humicola)	
have	not	been	recovered	from	this	region.	Due	to	the	devasta-
ting impact of P. cinnamomi in natural ecosystems in Western 
Australia	and	the	subsequent	legislative	requirement	to	map	its	
distribution,	the	Vegetation	Health	Service	of	the	Department	
of Parks and Wildlife has been receiving samples from suspect 
17T.I.	Burgess	et	al.:	New	species	of	Phytophthora
dying	plants	for	over	35	years.	This	is	an	unprecedented	data-
set on the distribution of Phytophthora in natural ecosystems 
and has not been replicated to the same extent elsewhere 
(except	maybe	 the	Pacific	northwest	 of	USA).	As	 such,	 the	
incredible diversity found in SWWA could just be an artefact of 
sampling	intensity.	Indeed,	in	a	recent	survey	across	Australia	





tensity has been much less, the numbers of species known 
from	databases	were	much	lower	than	those	detected	by	HTS.	




is an alternate explanation for the incredible species diversity 
observed	in	SWWA;	it	could	be	seen	as	a	reflection	of	the	plant	
species	diversity	of	this	biodiversity	hot-spot.	Until	more	data	
become available for surveys of natural ecosystems worldwide, 
the	SWWA	could	be	considered	as	either	the	origin	of	Clade	6a,	
or	a	region	where	significant	radiation	has	occurred.
The	Clade	6a	Phytophthora species in SWWA have been iso-
lated from within natural vegetation located in national parks 
and	reserves,	often	 in	water	gaining	areas.	The	SWWA	is	a	
harsh environment with long dry summers and often the an-




temperature optima of the species and the relatively thick-walled 
oospores of many of the species may assist with their survival 
in	these	conditions.	However,	while	the	summers	are	hot	and	
dry, the winter and spring temperatures and moisture availability 
are suitable for growth and proliferation of Phytophthora. All 




could enhance co-existence of a wide diversity of plant species 
in	the	dry	kwongon	heathlands	(Laliberté	et	al.	2015).	Negative	






host	 trial	with	 non-mycorrhizal	Proteaceae	 and	mycorrhizal	






Attractions	 (DBCA)	 and	 its	 predecessors,	 the	Department	 of	Parks	 and	
Wildlife,	Department	 of	Environment	 and	Conservation,	 the	Department	
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